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ORIGINfC PAGE IS 
~ OF POOR QUALITY 

h i g h e r  t e m p e r a t u r e s  ( 1 9 0 0  t o  2200 " C )  f o r  d e n s i f i c a t i o n .  G lass  e n c a p s u l a -  
t i o n  s o f t e n s  a t  t h i s  h i g h  t e m p e r a t u r e  a n d ,  because of  i t s  v e r y  low v i s -  
c o s i t y ,  t e n d s  t o  p e n e t r a t e  i n t o  t h e  d e n s i f y i n g  specimens.  A l t h o u g h  work 
has been r e p o r t e d  on  g l a s s  and m e t a l  e n c a p s u l a t i o n  f o r  H I P i n g  o f  s i l i c o n  
n i t r i d e  p r e f o r m s ,  v e r y  l i m i t e d  i n f o r m a t i o n  e x i s t s  a b o u t  H I P i n g  o f  s i l i c o n  
c a r b i d e  w i t h  g l a s s  e n c a p s u l a t i o n . l 0 * l 1  F u r t h e r m o r e ,  i n f o r m a t i o n  o n  t h e  
H I P i n g  o f  S ic  e n c a p s u l a t e d  w i t h  a r e f r a c t o r y  m e t a l  such as t a n t a l u m  i s  v i r -  
t u a l l y  n o n e x i s t e n t .  T h i s  paper  r e p o r t s  t h e  p r o p e r t i e s  o b t a i n e d  b y  t h e  h o t  
i s o s t a t i c  p r e s s i n g  ( H I P i n g )  of a- and P - S i c  compacts e n c a p s u l a t e d  i n  t a n t a -  
lum cans ,  i n c l u d i n g  c h a r a c t e r i z a t i o n  of s t r e n g t h ,  m i c r o s t r u c t u r e ,  and 
toughness .  

I 

EXPERIMENTAL PROCEDURES 

Two t y p e s  o f  a-Sic and two t y p e s  o f  p-Sic  powders were used i n  t h i s  s t u d y .  
Chemical  a n a l y s e s  o f  t h e s e  powders a r e  shown i n  T a b l e  1 .  The a-SiC(1) 
powder* had n o  p r e m i x e d  s i n t e r i n g  a i d s  such as b o r o n  and c a r b o n  added;  
however,  i t  d i d  c o n t a i n  1 . 7 4  w t  1 excess  c a r b o n  i n  t h e  a s - r e c e i v e d  c o n d i -  
t i o n .  On t h e  o t h e r  hand,  t h e  a - S i C ( I I ) *  powder had p r e m i x e d  s i n t e r i n g  
a i d s  ( 0 . 6  w t  % b o r o n  and 7 . 3 1  w t  % c a r b o n ) .  B o t h  P - S i C ( I > * *  and 
f i - S i C ( I I > * * *  powders had n o  p r e m i x e d  s i n t e r i n g  a i d s  ( b o r o n  and c a r b o n )  b u t  
c o n t a i n e d  s m a l l  amounts o f  f r e e  c a r b o n  ( T a b l e  1 ) .  B o t h  a- and D-Sic  compo- 
s i t i o n s  were c o l d  formed b y  a s l u r r y  p r e s s i n g  t e c h n i q u e . 1 2 , 1 3  
s l u r r y - p r e s s e d  compacts ( 4 . 6 7  cm i n  d i a m e t e r  b y  0 . 6  cm t h i c k )  were wrapped 
w i t h  g r a p h i t e  f o i l ,  c o a t e d  w i t h  b o r o n  n i t r i d e ,  and t h e n  p l a c e d  i n  t a n t a l u m  
cans .  The t a n t a l u m  cans were o u t g a s s e d  f o r  6 t o  8 h r  a t  1100 " C  and t h e n  
vacuum s e a l e d .  A f t e r  a t h o r o u g h  l e a k  check  t h e  cans were p l a c e d  i n  a h o t  
i s o s t a t i c  p r e s s i n g  f u r n a c e .  An i n i t i a l  gas p r e s s u r e  of 14  MPa (2000  p s i )  
was a p p l i e d ;  t h e n  b o t h  t e m p e r a t u r e  and p r e s s u r e  were i n c r e a s e d  s i m u l t a -  
n e o u s l y  u n t i l  t h e  d e s i r e d  v a l u e s  were r e a c h e d .  The cans were HIPed a t  tern- 
p e r a t u r e s  between 1850 and 2100 " C  f o r  30 t o  120 m i n  under  138-MPa a r g o n  
gas p r e s s u r e .  HIPed specimens were mach ined  i n t o  t e s t  b a r s  ( 2 . 5 4  b y  0 . 6 4  
b y  0 . 3 2  cm), and t h e  s u r f a c e s  were g r o u n d  w i t h  a 4 0 0 - g r i t  f i n e  diamond 
wheel t o  a f i n a l  s u r f a c e  f i n i s h  o f  8 r m s .  D e n s i t y  was measured b y  t h e  
w a t e r  immers ion  method.  M i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  was made b y  o p t i -  
c a l  and e l e c t r o n  m i c r o s c o p y .  F l e x u r a l  s t r e n g t h  t e s t s  were conduc ted  b y  
f o u r - p o i n t  b e n d i n g ,  w i t h  0.95-cm i n n e r  and 1.87-cm o u t e r  spans .  T e s t i n g  
was conduc ted  a t  room t e m p e r a t u r e  w i t h  a c r o s s h e a d  speed of 0.05 cm/min.  
W e i b u l l  modulus v a l u e s  were g e n e r a t e d  from t h e  s t r e n g t h  d a t a ,  and t h e  
r e s u l t s  were a n a l y z e d  b y  u s i n g  F- and t - t e s t s .  F r a c t u r e  s u r f a c e s  o f  
s e l e c t e d  t e s t  b a r s  were examined b y  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  t o  i d e n -  
t i f y  t h e  s t r e n g t h - c o n t r o l l i n g  c r i t i c a l  f l a w s .  F r a c t u r e  toughness was d e t e r -  
mined b y  t h e  V i c k e r ' s  h a r d n e s s  i n d e n t a t i o n  t e c h n i q u e  w i t h  a 2500-9 l o a d .  

The d r i e d  

* H . C .  S t a r c k ,  W e s t  B e r l i n ,  F R G .  
* * I b i d e n  Co. L t d . ,  O g a k i ,  Japan.  
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RESULTS AND DISCUSSION 

H o t - I s o s t a t i c - P r e s s e d  a-Sic 

The d e n s i f i c a t i o n  b e h a v i o r s  o f  HIPed a - S i C ( I >  and a - S i C ( I I >  a r e  shown i n  
F i g .  1 .  The a - S i C ( I >  e x h i b i t e d  s l u g g i s h  d e n s i f i c a t i o n  b e h a v i o r ,  and t h i s  
r e s u l t e d  i n  lower f i n a l  d e n s i t i e s  a t  a l l  t e m p e r a t u r e s  from 1800 t o  2100 "C .  

The maximum d e n s i t y  f o r  t h i s  m a t e r i a l  (97  p e r c e n t  o f  t h e o r e t i c a l )  was 
a c h i e v e d  a t  2100 " C  ( F i g .  1 ) .  By c o n t r a s t ,  o n l y  1900 " C  was r e q u i r e d  t o  
s i n t e r  a - S i C ( I 1 )  powder ( c o n t a i n i n g  b o r o n  and c a r b o n  s i n t e r i n g  a i d s )  t o  a 
f i n a l  d e n s i t y  o f  98 p e r c e n t  o f  t h e o r e t i c a l .  No f u r t h e r  i n c r e a s e  i n  f i n a l  
d e n s i t y  was o b s e r v e d  w i t h  f u r t h e r  i n c r e a s e s  i n  t e m p e r a t u r e  f r o m  1900 t o  
2100 "C.  The r e s u l t s  s u g g e s t  t h a t ,  a l t h o u g h  i t  i s  d i f f i c u l t ,  a - S i C ( I >  pow- 
d e r  can be HIPed t o  h i g h  f i n a l  d e n s i t y  w i t h o u t  any s i n t e r i n g  a i d s .  The 
r e s u l t s  a r e  i n  good agreement  w i t h  Homma e t  a l .  lo and L a r k e r  e t  a1 .ll, who 
o b t a i n e d  h i g h  f i n a l  d e n s i t y  ( 9 6  p e r c e n t  o f  t h e o r e t i c a l )  i n  HIPed a-Sic 
w i t h o u t  any s i n t e r i n g  a i d s .  

M i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n  was made on p o l i s h e d  and e t c h e d  samples.  
F i g u r e  2 shows p h o t o m i c r o g r a p h s  o f  p o l i s h e d  and e t c h e d  a - S i C ( I )  HIPed a t  
1900 and 2000 " C  f o r  30, 60, and 120 m i n .  The m i c r o s t r u c t u r e  e s s e n t i a l l y  
c o n s i s t e d  o f  s i n g l e - p h a s e  a-Sic m a t r i x  w i t h  r e s i d u a l  p o r o s i t i e s  ( d e t e r m i n e d  
from d e n s i t y  measurements) v a r y i n g  from 14 p e r c e n t  f o r  t h e  1900 "C,  
30-min-HIPed specimens, t o  5 p e r c e n t  f o r  t h e  2000 "C,  120-min-HIPed s p e c i -  
mens. The a-Sic g r a i n s  were d i f f i c u l t  t o  e t c h ,  and t h e r e f o r e  t h e  o v e r a l l  
m i c r o s t r u c t u r e  c o u l d  n o t  be r e s o l v e d  b y  o p t i c a l  m i c r o s c o p y .  By c o n t r a s t ,  
c l e a r  m i c r o s t r u c t u r e s  w i t h  d i s t i n c t  g r a i n  b o u n d a r i e s  were a c h i e v e d  i n  
a - S i C ( I 1 )  specimens ( F i g .  3 ) .  Very l i t t l e  g r a i n  g r o w t h  was o b s e r v e d  i n  
a-Sic m a t e r i a l s  HIPed between 1900 " C  f o r  30 m i n  and 2000 "C f o r  120 m i n  
( F i g s .  2 and 3 ) .  The h i g h - d e n s i t y  a-Sic p roduced  b y  H I P i n g  e x h i b i t e d  an 
u l t r a - f i n e - g r a i n e d  m i c r o s t r u c t u r e  w i t h  g r a i n  s i z e  v a r y i n g  from 0.2 to  
5 . 0  pin. G r a i n  morpho logy  was e q u i a x e d  i n  b o t h  a-Sic m a t e r i a l s .  

The room- tempera tu re  f l e x u r a l  s t r e n g t h s  of o f  a - S i C ( I >  HIPed a t  1900 
and 2000 " C  for v a r i o u s  t i m e s  a r e  shown i n  F i g .  4 .  Average s t r e n g t h s  
2 1 s t a n d a r d  d e v i a t i o n  ( 1 2  t e s t  b a r s )  w e r e  368251 MPa, 444251 MPa, and 
488240 MPa f o r  specimens HIPed a t  1900 " C  f o r  30, 60, and 120 m i n ,  r e s p e c -  
t i v e l y .  F i n a l  d e n s i t i e s  were 86,  88,  and 91.5 p e r c e n t  o f  t h e o r e t i c a l ,  
r e s p e c t i v e l y .  S t a t i s t i c a l  a n a l y s i s  by t h e  F - t e s t  ( c o m p a r i s o n  of v a r -  
i a n c e s )  i n d i c a t e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  among t h e  v a r i a n c e s .  
S t u d e n t ' s  t - t e s t  i n d i c a t e d  t h a t  a t  t h e  95 p e r c e n t  c o n f i d e n c e  l e v e l  t h e r e  
was no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  room- tempera tu re  
s t r e n g t h .  A t  t h e  h i g h e r  H I P i n g  t e m p e r a t u r e  (2000 " C ) ,  ave rage  s t r e n g t h s  
were 551298 MPa, 574273 MPa, and 619263 MPa fo r  specimens h a v i n g  d e n s i t i e s  
o f  91.6,  92 .7 ,  and 95 p e r c e n t  o f  t h e o r e t i c a l  and HIPed for 30, 60, and 120 
m i n ,  r e s p e c t i v e l y .  The F - t e s t  i n d i c a t e d  n o  s i g n i f i c a n t  d i f f e r e n c e  among 
t h e  v a r i a n c e s .  S t u d e n t ' s  t - t e s t  a t  t h e  95 p e r c e n t  c o n f i d e n c e  l e v e l  i n d i -  
c a t e d  n o  s i g n i f i c a n t  s t r e n g t h  d i f f e r e n c e  between specimens s i n t e r e d  f o r  
30 m i n  v e r s u s  60 m i n  and f o r  60 m i n  v e r s u s  120 m i n ,  b u t  a s i g n i f i c a n t  d i f -  
f e r e n c e  i n  s t r e n g t h  between specimens s i n t e r e d  for 30 m i n  v e r s u s  120 m i n .  
S t u d e n t ' s  t - t e s t  a l s o  i n d i c a t e d  t h a t  t h e  room- tempera tu re  s t r e n g t h s  o f  
m a t e r i a l s  s i n t e r e d  a t  2000 "C were s t a t i s t i c a l l y  h i g h e r  t h a n  1900 " C  
s t r e n g t h  a t  t h e  95 p e r c e n t  c o n f i d e n c e  l e v e l .  The h i g h e s t  s t r e n g t h ,  



619 MPa, o b t a i n e d  i n  HIPed a - S i C ( 1 )  was h i g h e r  t h a n  t h e  s t r e n g t h  ( 5 4 0  MPa) 
r e p o r t e d  by L a r k e r ,  e t  a1 .ll f o r  HIPed a-Sic m a t e r i a l .  
t h a t  a - S i C ( I >  c o n t a i n i n g  n o  s i n t e r i n g  a i d s  ( b o r o n  and c a r b o n )  can e x h i b i t  
v e r y  h i g h  f l e x u r a l  s t r e n g t h  when HIPed t o  h i g h  f i n a l  d e n s i t y .  

The r e s u l t s  s u g g e s t  

A d e n s i t y  e f f e c t  on s t r e n g t h  or  i n  o t h e r  words a p o r o s i t y  e f f e c t  o n  
s t r e n g t h  was o b s e r v e d  i n  HIPed a - S i C ( I )  spec imens.  The s t r e n g t h  o f  p o r o u s  
ce ramics  dec reased  n e a r l y  e x p o n e n t i a l l y  w i t h  i n c r e a s e s  i n  p o r o s i t y .  V a r i -  
ous s p e c i f i c  a n a l y t i c a l  r e l a t i o n s h i p s  have been sugges ted  f o r  t h e  e f f e c t  
o f  p o r o s i t y  o n  s t r e n g t h .  
s t r e n g t h  a r e  g e n e r a l l y  e m p i r i c a l l y  r e l a t e d  b y  

R y s h k e w i t c h 1 4  has shown t h a t  p o r o s i t y  and 

u = 00 exp(-nP> 

where 

u s t r e n g t h  of po rous  specimen 

00 s t r e n g t h  o f  f u l l y  dense specimen 

( 1 )  

n ranges  from 4 t o  7 

P volume f r a c t i o n  p o r e s  

From t h i s  r e l a t i o n  t h e  volume f r a c t i o n  p o r e s  as a f u n c t i o n  o f  s t r e n g t h  i n  
HIPed a - S i C ( I >  was d e t e r m i n e d  as shown i n  F i g .  5. R e g r e s s i o n  a n a l y s i s  
y i e l d e d  t h e  f o l l o w i n g  e q u a t i o n :  

u = 845 exp(-5.64P> ( 2 )  

Note t h a t  t h e  c o n s t a n t  i n  t h e  exponen t  ( n  = 5 .64 )  f a l l s  a t  t h e  a p p r o x i m a t e  
m i d p o i n t  between 4 and 7 and i s  i n  good agreement  w i t h  R y s h k e w i t c h ' s  r e l a -  
t i o n  and t h a t  a t  z e r o  p o r o s i t y  t h e  s t r e n g t h  wou ld  be 845 MPa. 

The f l e x u r a l  s t r e n g t h  d a t a  o f  a - S i C ( I 1 )  ( c o n t a i n i n g  b o r o n  and c a r b o n )  a r e  
shown i n  F i g .  6 .  The ave rage  s t r e n g t h s  ( 1 2  t e s t  b a r s )  were 5 9 6 4 9 ,  614261, 
and 625265 MPa a t  1900 "C and 650258, 620279, and 564278 MPa a t  2000 " C  
f o r  s i n t e r i n g  t i m e s  o f  30, 60, and 120 m i n ,  r e s p e c t i v e l y .  S t a t i s t i c a l  
a n a l y s e s  such as t h e  F - t e s t  and S t u d e n t ' s  t - t e s t  i n d i c a t e d  n o  s i g n i f i c a n t  
d i f f e r e n c e s  i n  s t r e n g t h s  and v a r i a n c e s .  These s t r e n g t h s  were s t a t i s t i c a l l y  
h i g h e r  t h a n  t h e  s t r e n g t h s  f o u n d  i n  a - S i C ( I >  specimens HIPed a t  1900 and 
2000 "C.  However, a t  a f i n a l  d e n s i t y  l e v e l  of 95 p e r c e n t  o f  t h e o r e t i c a l  
f o r  t h e  a - S i C ( I ) ,  t h e  s t r e n g t h  (619  MPa) of a - S i C ( I >  was s t a t i s t i c a l l y  com- 
p a r a b l e  w i t h  t h e  s t r e n g t h s  o f  a - S I C ( 1 1 ) .  The r e s u l t s  s u g g e s t  t h a t  
a - S i C ( I )  ( c o n t a i n i n g  n o  s i n t e r i n g  a i d s )  can e x h i b i t  h i g h  f l e x u r a l  s t r e n g t h  
comparable t o  a - S i C ( I I >  m a t e r i a l  when HIPed t o  t h e  same h i g h  f i n a l  d e n s i t y .  

The d a t a  c l e a r l y  i n d i c a t e d  n o  s y s t e m a t i c  c o r r e l a t i o n  between s t r e n g t h  and 
N e i b u l l  modulus.  A l t h o u g h  a s i g n i f i c a n t  improvement  i n  s t r e n g t h  was 
a c h i e v e d  i n  h o t  i s o s t a t i c a l l y  p r e s s e d  a-Sic o v e r  t h e  s i n t e r e d  a-Sic 
s t r e n g t h  o f  428 MPa,15 n o  improvement  i n  W e i b u l l  modulus was o b t a i n e d .  
F o r  m a t e r i a l s  HIPed a t  1900 to  2000 "C,  t h e  W e i b u l l  modulus was e s t i m a t e d  
t o  be 8 t o  14 f o r  a - S i C ( 1 )  and 8 t o  13 f o r  a - S i C ( I 1 ) .  The W e i b u l l  modulus 
fo r  p r e s s u r e l e s s  s i n t e r e d  a-Sic r a n g e s  from 8 t o  l 2 . l 5 9 l 6  P r o c e s s - r e l a t e d  
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c r i t i c a l  f l a w s ,  such as l a r g e  i s o l a t e d  p o r e s  and s h r i n k a g e  c r a c k s ,  t y p i c a l  
o f  s i n t e r e d  m a t e r i a l s 5  were n o t  o b s e r v e d  i n  HIPed m a t e r i a l s .  
t u r e  i n i t i a t i o n  s i t e s  were f o u n d  to  be s u r f a c e  r e l a t e d  i n  HIPed a-Sic. 
These a r e  shown i n  F i g .  7 .  

T y p i c a l  f r a c -  

H o t - I s o s t a t i c - P r e s s e d  0 - S i c  

A s - r e c e i v e d  p - S i C ( I )  and 0 - S i C C I I )  powders w e r e  used.  The chemica l  a n a l y -  
s i s  o f  t h e s e  powders a r e  shown i n  T a b l e  1 .  N e i t h e r  p -S iC(1 )  n o r  f i - S i C ( I I )  
powders had p remixed  s i n t e r i n g  a i d s .  The P - S i C < I )  powder was s l u r r y  
p r e s s e d  w i t h  3 and 4 w t  ib c a r b o n  and 0.6 w t  X b o r o n ;  t h e  1 3 - S i C C I I )  pQwder 
was s l u r r y  p r e s s e d  o n l y  w i t h  3 ut  X c a r b o n  and 0 . 6  w t  X boron. On the 
b a s i s  o f  a p r e l i m i n a r y  H I P i n g  s t u d y ,  a t e m p e r a t u r e  o f  1900 'C f o r  60 rnin 
was chosen f o r  H I P i n g  &Sic c o m p o s i t i o n s  t o  n e a r - t h e o r e t i c a l  d e n s i t y  
(97  p e r c e n t ) .  T y p i c a l  m i c r o s t r u c t u r e s  o f  HIPed a - S i C ( I I >  and p-SiC( I> 
a r e  shown i n  F i g .  8 .  
much f i n e r  t h a n  t h e  t y p i c a l  m i c r o s t r u c t u r e  of HIPed a-Sic ( F i g .  3 ) .  
F u r t h e r m o r e ,  t h e  13-to-a phase t r a n s f o r m a t i o n  t y p i c a l  o f  h i g h - t e m p e r a t u r e  
s i n t e r e d  &Sic m i c r o s t r u c t u r e  ( F i g .  9 )  was n o t  o b s e r v e d  i n  t h e  "low"- 
tempera tu re -H IPed  p-Sic ( F i g .  8 ) .  The g r a i n  morpho logy  was c o m p l e t e l y  
e q u i a x e d  and u n i f o r m .  

The submic romete r  B - S i C  g r a i n  s i z e  ( ~ 1 . 0 0  prn) was 

The room- tempera tu re  f l e x u r a l  s t r e n g t h s  o f  P - S i C ( I )  and P - S i C ( I 1 )  HIPed a t  
1900 "C f o r  60 m i n  a r e  shown i n  F i g .  10. Average s t r e n g t h s  ( 2 2  t e s t  b a r s )  
were  659279 and 673266 MPa f o r  p - S i C < I >  specimens w i t h  3 and 4 w t  % c a r b o n ,  
r e s p e c t i v e l y .  The s t r e n g t h  o f  P - S i C C I I )  specimens w i t h  3 w t  % c a r b o n  was 
645+100 MPa. S t a t i s t i c a l  a n a l y s e s  b y  t h e  F - t e s t  ( c o m p a r i s o n  o f  v a r i a n c e s )  
and S t u d e n t ' s  t - t e s t  i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e s  i n  v a r i a n c e  or 
i n  room- tempera tu re  s t r e n g t h  between B - S i C ( 1 )  and P - S i C < I I >  specimens. 
The r e s u l t s  i n d i c a t e d  t h a t  b o t h  c o m m e r c i a l l y  a v a i l a b l e  &Sic powders,  when 
HIPed t o  h i g h  f i n a l  d e n s i t y ,  y i e l d  m a t e r i a l  s i m i l a r  i n  s t r e n g t h  t o  HIPed 
a-Sic. The s t r e n g t h  d a t a  f o r  b o t h  p - S i C ( I )  and p-SiC(I1) were  compar td  
w i t h  t h o s e  f o r  HIPed 0 - S i C C I I )  specimens ( F i g .  1 1 ) .  I n  g e n e r a l ,  no  s t a t i s -  
t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  s t r e n g t h  was f o u n d .  The W e i b u l l  modulus 
was e s t i m a t e d  t o  t h e  9 .5  t o  1 1  f o r  p - S i C ( I )  and 7 f o r  0 - S i C C I I )  composi-  
t i o n s ,  a b o u t  t h e  same as f o r  a-Sic c o m p o s i t i o n s .  The s t r e n g t h - c o n t r o l l i n g  
f l a w s  i n  HIPed 13-Sic w e r e  g e n e r a l l y  s u r f a c e  r e l a t e d  and s i m i l a r  to  t h o s e  
o b s e r v e d  i n  HIPed a-Sic. These a r e  shown i n  F i g .  12. The h i g h e s t - s t r e n g t h  
samples b r o k e  i n t o  numerous p i e c e s ,  and s p e c i f i c  f a i l u r e  o r i g i n s  c o u l d  n o t  
be i d e n t i f i e d .  

F r a c t u r e  toughness K1C was d e t e r m i n e d  b y  d i r e c t  c r a c k  measurements of  
V i c k e r ' s  i n d e n t a t i o n s  i n  b o t h  a- and 13-Sic HIPed t o  a f i n a l  d e n s i t y  o f  
97 p e r c e n t  o f  t h e o r e t i c a l .  F r a c t u r e  toughness  K1C was e s t i m a t e d  by u s i n g  
t h e  r e l a t i o n  d e r i v e d  by Evans,17 w h i c h  i s  as fo l lows: 

where 

K1C f r a c t u r e  toughness 
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H ha rdness  

a i n d e n t a t i o n  r a d i u s  

E Young 's  modulus 

c c r a c k  l e n g t h  

F r a c t u r e  toughness v a l u e s  d e t e r m i n e d  b y  t h i s  r e l a t i o n s h i p  gave r e s u l t s  
c l o s e s t  t o  e x i s t i n g  K1C d a t a l 6  d e t e r m i n e d  b y  c h e v r o n  n o t c h  and 
c o n t r o l l e d - s u r f a c e  f l a w  t e c h n i q u e s .  The K I C  v a l u e s  r a n g e d  from 3 . 6  t o  
4.0 MPa m 1 I 2  f o r  HIPed a - S i c  and f rom 3 . 7  t o  4 .1  MPa m 1 / 2  f o r  HIPed 
p-Sic. S t a t i s t i c a l  a n a l y s e s  such as . t h e  F - t e s t  i n d i c a t e d  n o  s i g n i f i c a n t  
d i f f e r e n c e  i n  v a r i a n c e s ,  and S t u d e n t ' s  t - t e s t  i n d i c a t e d  n o  s i g n i f i c a n t  
d i f f e r e n c e  i n  K1C between HIPed a- and p - S i c  specimens.  However, K1C 
v a l u e s  f o r  HIPed a- and p-Sic were h i  h e r  t h a n  t h o s e  o b s e r v e d  i n  p r e s s u r e -  
l e s s  s i n t e r e d  a-Sic ( 3  t o  3 . 6  MPa m ll!). For HIPed a- and p-Sic and p r e s -  
s u r e l e s s  s i n t e r e d  a-Sic, t h e  F - t e s t  i n d i c a t e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  
among t h e  v a r i a n c e s ,  b u t  S t u d e n t ' s  t - t e s t  i n d i c a t e d  s t a t i s t i c a l l y  s i g n i f i -  
c a n t  d i f f e r e n c e s  i n  K 1 C  v a l u e s .  A l t h o u g h  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f -  
e rences  were o b s e r v e d ,  t h e  improvement  was n o t  o f  s u f f i c i e n t  m a g n i t u d e  t o  
be o f  p r a c t i c a l  s i g n i f i c a n c e .  H i g h e r  K1C v a l u e s  were r e l a t e d  t o  s m a l l e r  
g r a i n  s i z e  i n  HIPed a- and @-Sic  m a t e r i a l s . l 8 > l 9  

CONCLUDING REMARKS 

I n  t h i s  s t u d y  b o t h  a- and p - S i c  c o m p o s i t i o n s ,  w i t h  and w i t h o u t  s i n t e r i n g  
a i d s  ( b o r o n  and c a r b o n ) ,  were HIPed t o  n e a r - t h e o r e t i c a l  d e n s i t y  ( 9 7  t o  
98 p e r c e n t  o f  t h e o r e t i c a l ) .  The HIPed m a t e r i a l s  had u l t r a f i n e  g r a i n  s i z e  
( 0 . 3  t o  5 pm f o r  a.-SiC and ~1.00 pm f o r  & S i c  c o m p c s i t i o n s ) .  B o t h  mate-  
r i a . l s  e x h i b i t e d  h i g h  ave rage  f l e x u r a l  s t r e n g t h .  F u r t h e r m o r e ,  a-Sic b o d i e s  
w i t h o u t  any s i n t e r i n g  a i d s ,  when HIPed t o  h i g h  f i n a l  d e n s i t y ,  e x h i b i t e d  
v e r y  h i g h  s t r e n g t h .  A l s o ,  h i g h e r  f r a c t u r e  toughness was o b t a i n e d  i n  HIPed 
a- and @ - S i c  t h a n  i n  p r e s s u r e l e s s  s i n t e r e d  a-Sic from an e a r l i e r  s t u d y .  
The s t r e n g t h - c o n t r o l l i n g  f l a w s ,  such a s  l a r g e  v o i d s  and s h r i n k a g e  c r a c k s ,  
t y p i c a l  o f  s i n t e r e d  S i c  m a t e r i a l s ,  were n o t  o b s e r v e d  i n  HIPed S ic .  How- 
e v e r ,  n o  improvement  i n  H e i b u l l  modulus was o b s e r v e d  o v e r  s i n t e r e d  S I C  
m a t e r i a l s .  Thus i t  i s  c l e a r  t h a t  a l t h o u g h  s i g n i f i c a n t  improvement  has 
been made i n  s t r e n g t h  v i a  improved  m i c r o s t r u c t u r e  and m i n i m i z a t i o n  of p r o c -  
e s s i n g  f l a w s  b y  H I P i n g ,  improvements i n  r e l i a b i l i t y  and p r a c t i c a l l y  s i g n i f -  
i c a n t  improvements i n  f r a c t u r e  toughness  were n o t  a c h i e v e d .  Thus o t h e r  
approaches such as c o m p o s i t i n g  a r e  needed t o  advance s i g n i f i c a n t l y  beyond 
t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  
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A1 
Cr 
Fe 
Ti 
V 
B 
Free C 

Surface 
area (BET), 
m2/g 

Table 1.  - Analysis of As-received a-Sic and &Sic Powders 

Content, ppm 

50 140 300 100 
70 40 Trace 20 
lo 10 700 200 

30 20 
20 20 
----- '0.60 -------- 
c 1  .74. '7.31 '0.65 c<2.0 

----- -------- 
----- -------- 
_---- 

31.47 22 19.8 10 
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